Species-delimitation studies across wide geographic ranges often reveal insights that ultimately improve our understanding of biogeographic and evolutionary processes. Here we investigated species delimitation and the global coastal pelagic population structures of the marine sardine species from the economically important subgenus Sardinella (Clupeidae). The main purpose of this study was to relate morphological and genetic discontinuities to biogeography, in a taxonomic and systematic context. Morphological examinations have first reduced the currently recognized five species of the subgenus to two distinct morphospecies with parapatric relationship. Genetic analyses further showed a remarkable shallow genealogy across a global scale, yet to be encountered among small pelagic fishes. Additional three species-delimitation analyses have failed to delimit the five putative species, indicating the possible existence of only a single cosmopolitan species with two ecophenotypic variations, thus entitling Sardinella aurita as the world's most widespread small pelagic fish. Subsequent population-structure investigations revealed distinct geographical intraspecific subdivisions, flagging the West Pacific Ocean through gene-flow computations as the probable source of future speciation for the subgenus. Considering its utmost importance to fisheries, this finding of a remarkable global genetic homogeneity should attract future attention among population geneticists and fishery researchers.
Introduction
The emergent employment of molecular genetic techniques significantly improves our understanding of species-delimitation (Tang et al. 2014 , Bagley et al. 2015 , Flot 2015 and population structure studies (Purcell et al. 2006 , Henriques et al. 2014 , Martinez-Takeshita et al. 2015 , often providing an essential information for fisheries management strategies (Reiss et al. 2009 ). At its basics, a sustainable management strategy of wild fisheries should be best initiated after clarifying taxonomic identifications and delimitations of the harvested species (Ovenden et al. 2015) .
Small pelagic fisheries contribute up to half of the annual catch for human consumption with a significant source of income, being majorly produced for canning industry, fish meal, fish oil and bait (Fréon et al. 2005 , Alder et al. 2008 , Smith et al. 2011 , Pikitch et al. 2014 . Considering this global economic importance, a continuous attempt is taken to investigate their populationstructure, revealing diverging results from populations with low levels of genetic differentiation (Karaiskou et al. 2004 , Kasapidis and Magoulas 2008 , Ruggeri et al. 2013 ) to distinct geographically separated stocks (Limborg et al. 2009 , Viñas et al. 2014 , Cheng et al. 2015 . Other studies focused on taxonomic relationships and speciation among sympatric (Karaiskou et al. 2003 , Klossa-Kilia et al. 2007 , Thomas et al. 2014 ) and allopatric congeneric small pelagic forage fishes (Parrish et al. 1989 , Catanese et al. 2010 , Cheng et al. 2011 , Laakkonen et al. 2013 .
Species of marine sardines from the genus Sardinella constitute one of the most important wild resources to local fisheries (Whitehead 1985) . These highly gregarious coastalpelagic species exhibit migratory behavior, occurring in large schools in all oceans and seas between latitudes 34°N to 37°S (Whitehead 1985 , Cergole 1995 , Gaughan and Mitchell 2000 , Pillai et al. 2003 , Mustać and Sinovčić 2012 . Systematically, the genus Sardinella is split into two subgenera, based on the number of pelvic fin rays: eight pelvic fin rays for the subgenus Clupeonia and nine for the subgenus Sardinella (Regan 1917 , Whitehead 1985 . At present, subgenus Sardinella contains five putative species with two distinguishable morphological variances, the short-head and long-head variants (Whitehead 1985) . The short-head variant, hereby referred as the short head morphospecies (SHM), includes the round sardinella Sardinella aurita Valenciennes 1847, distributed in the Mediterranean and most of the Atlantic Ocean, the Brazilian sardinella S. brasiliensis, distributed along the southern coasts of the east Atlantic, and the Bali/ Tropical sardinella S. lemuru, distributed along the West Pacific coasts. The long-head variant, hereby referred as the long head morphospecies (LHM), includes the Indian oil sardine S. longiceps, distributed across the western Indian Ocean; and the east African sardinella, Sardinella neglecta Wongratana 1980 , endemic for the western coast of Africa (Whitehead 1985 , Eschmeyer 2016 , Froese and Pauly 2016 .
While several studies encountered lack of morphological (Whitehead 1985 , Kim et al. 2001 , Mabragaña et al. 2012 ) and genetic (Wilson and Alberdi 1991 , Tringali and Wilson 1993 , Kinsey et al. 1994 , Menezes 1994 , Chikhi et al. 1998 , De Donato et al. 2005 , Mabragaña et al. 2012 variabilities within species of this subgenus, their relatively discontinuous biogeography have been suffice to validate their taxonomy, without employing any species-delimitation study for these globally important taxa (Whitehead 1970 (Whitehead , 1985 .
Thus, the main purpose of this study was to establish the first delimitation attempt for the five putative species of the Sardinella subgenus across their entire worldwide distribution. We then explored the population structure and geographical demography of this subgenus to elucidate connectivity and speciation processes.
Finally, we offered novel taxonomic resolution and discuss the research findings.
Material and methods

Sampling inventory
The sampling protocol in this study covered the full geographic distribution of the five putative species within the subgenus Sardinella. Fresh sardines were collected from fish markets and landing sites and stored at the Steinhardt Museum of Natural History and Research Center at Tel Aviv Univ., Israel (SMNHTAU). Additional museum vouchered specimens and tissue samples were obtained from the fish collections of the Hebrew Univ. of Jerusalem, Israel (HUJ), the Muséum National d'Histoire Naturelle, Paris, France (MNHN), the South African Inst. for Aquatic Biodiversity in Grahamstown (SAIAB), the Museum and Art Gallery of the Northern Territories in Darwin, Australia (MAGNT), the Kagoshima Univ. Museum, Kagoshima, Japan (KAUM), and the Smithsonian National Museum of Natural History in Washington, USA (USNM).
Morphology and geometric morphometric
Standard morphological measurements were taken using a digital calliper with 0.01 mm accuracy. Length of specimens was measured as standard length (SL), due to the frequent disfigurement at the tip of the caudal fin. In most cases, first gill arch was gently removed from the left side of the specimen and examined under light stereoscope. The inventory of vouchers used for morphological examination is listed in Supplementary material Appendix 1 Table A1 .
Representative geometric morphometric analyses following Klingenberg (2009) have been employed by comparing 62 fresh individuals of SHM putative S. aurita from Ashdod, Israel (Fig. 1a) with 48 specimens of LHM putative S. longiceps collected Mombasa, Kenya (Fig. 1b) . Eleven landmarks were defined for each specimen and recorded as body-shape coordinates using tpsDig ver. 2.16 (Rohlf 2010) . Possible biases introduced by position, orientation and size were removed using a Procrustes superimposition method implemented in MorphoJ 1.05d (Klingenberg 2011) , in order to achieve the best overall fit (Klingenberg and McIntyre 1998) . Additional correction for allometric biases was applied by using a multivariate regression approach of shape variables on size, which eliminates the part of shape variation that is predicted by size variation. A discriminant function analysis (DFA) was applied to identify possible grouping variables by extracting pairwise comparisons of Mahalanobis distances as a morphological distance matrix. A further crossvalidation analysis with 1000 replications was applied to assess the discriminatory power of the body shape between populations. In order to further explore the relationships between the among-groups and the within-groups variances, a canonical variate analysis (CVA) was applied on the corrected data.
DNA extraction, amplification and sequence analysis
Total genomic DNA was extracted from ethanol preserved tissues using a phenol/chloroform/Isoamyl alcohol protocol (Graham 1978) . 5-50 ng of template DNA was used to amplify both strands of 671 bp protein-coding fragment of the mitochondrial cytochrome oxidase subunit 1 (COI), 458 bp protein-coding fragment of the mitochondrial cytochrome b (Cytb), and 587 bp fragment of the ribosomal 16S. In addition, the nuclear ribosomal 1st intron gene S7 was sequenced from a minimum of two specimens from each region, to complement mitochondrial outputs. A summarizing information regarding primer sequences, annealing temperatures and references are provided in Supplementary material Appendix 1 Table A2 , and accessions vouchers in Supplementary material Appendix 1 Table A3 . Finally, published COI sequences were mined from BOLD platform, under the Barcode Index Number (BIN) AAB7268, to augment the geographical sampling for this study with additional dozen localities (Supplementary material Appendix 1 Table A4 ).
High quality forward and reverse sequences were assembled using DNA Baser ver. 3.5.4.2 (Heracle BioSoft, S.R.L, < www.dnabaser.com >), and carefully aligned by eye for each gene independently using BioEdit, ver. 7.2.0 (Hall 1999) .
Phylogenetic analyses
Phylogenetic reconstructions were performed separately for the concatenated mitochondrial loci haplotypes, 16S, Cytb and COI (total 1712 bp), and for the nuclear S7 gene, employing maximum likelihood (ML) (Silvestro and Michalak 2012) , with a GTR  G model of evolution and parameters estimated independently for each gene partition. All ML analyses were performed with 100 random addition replicates and assessed by 1000 iterations.
JModelTest ver. 2.1.5 (Darriba et al. 2012 ) was used to detect the following best-fitting nucleotide substitution models for each gene partition under the Akaike information criterion (AIC): TPM2uf  I  G, TPM1uf  G and TrN  G for the 16S, COI and Cytb, respectively. In addition, nuclear S7 recovered TIM3  I as its best-fitting substitution model. Bayesian analyses were performed separately for the concatenated mitochondrial genes and for the nuclear S7 using these models with BEAST ver. 1.8.0 (Drummond et al. 2012) . Three individual runs were performed for 10 8 generations with a sampling frequency of 10 4 . Priors applied were as follows (otherwise by default): Yule process of speciation; random starting tree; relaxed uncorrelated lognormal clock (estimate); substitution rate fixed to 1; base substitution uniform (0, 100); alpha uniform (0, 10); clock rate uniform (0, 1); yule birth rate (0, 1000). Parameter values both for clock and substitution models were unlinked across partitions. Posterior trace plots and effective sample size values of parameters ( 200) of each run were assessed in Tracer ver. 1.5 (Rambaut and Drummond 2009 ). LogCombiner and TreeAnnotator (both available in BEAST package) were used to produce the tree after discarding 10% of the samples from each run. Nodes were considered strongly supported only with ML bootstrap values  70% and posterior probability (pp) support values  0.9 (Huelsenbeck and Rannala 2004) .
Species-delimitation methods
Taxonomic boundaries within subgenus Sardinella species were examined using three different species-delimitation approaches. The delimitation strategy was based on both the 'tree-based' approach, employing the concatenated mtDNA loci in bPTP model and the 'non-tree based' approach, using Landmarks descriptors: 1 -tip of snout; 2 -anterior dorsal fin origin; 3 -posterior dorsal fin base; 4 -dorsal origin of caudal fin; 5 -ventral origin of caudal fin; 6 -posterior anal fin base; 7 -anterior anal fin origin; 8 -pelvic fin origin; 9 -pectoral fin origin; 10 -posterior end of operculum; 11 -center of pupil. Landmarks configurations of both morphotypes are pinned to landmark 1 for convenient presentation.
the aligned sequences of the standard COI barcoding marker in both ABGD model and p-distance comparisons (Flot 2015) .
The Bayesian poison tree processes (bPTP) model delineates species based on a phylogenetic topology and provides an objective approach for delimiting putative species boundaries that are consistent with the phylogenetic species criteria (Zhang et al. 2013) . bPTP approach does not require ultrametric input tree, and rather models speciation by directly using the number of substitutions. Moreover, bPTP simulations have generally outperformed the alternative general mixed Yule coalescent model (GMYC) when evolutionary distances between species were small, as was in this study (Zhang et al. 2013) . We used the bPTP web server (< http:// species.h-its.org >) with the concatenated mtDNA ML topology as the input tree, employing default settings.
For the 'non-tree based' approach, we first employed the automatic barcoding gap discovery (ABGD), that explore a genetic distance-based matrix to detect a 'barcode gap' separating putative species based on non-overlapping values of intra-and interspecific genetic distances, independent of any topology (Hebert et al. 2003 , Puillandre et al. 2012 . This approach uses a range of prior intraspecific divergence to infer a model-based confidence limit for intraspecific divergence, and then detects a barcode gap to infer primary partitions. The primary data partitions are then recursively split to get finer partitions using the same approach until no further gaps can be detected (Puillandre et al. 2012 ). The analysis was based on the COI dataset and performed twice, with and without the outgroup clupeid at the ABGD web server < www.abi.snv.jussieu.fr/public/abgd/abgdweb. html >. Genetic distances were calculated using the JC69 model (default parameter), and model parameters were set to default, with the exception of implementing three values for the gap width (X  0.5, 1.0, 1.5) to assess the consistency of the inferred groups under varying gap width values. The online web server FINDMODEL at < www. hiv.lanl.gov/content/sequence/findmodel/findmodel. html > chose Tamura-Nei model (TrN) plus Gamma as the best DNA substitution model for the COI dataset. The second 'non-tree based' approach was based on a genetic pairwise-comparison distance matrix of the COI aligned sequences, employed under TrN  G model in the software MEGA ver. 7 (Kumar et al. 2016) . To search for a DNA barcoding gap between the Sardinella distinguished morphospecies, the dataset was manually separated to 'within' and 'between' the morphospecies genetic pairwise comparisons and graphically depicted in a simple histogram.
Population structure and phylogeography
Genetic diversity estimations including number of haplotypes, haplotype diversity (h) and nucleotide diversity (p) were independently obtained for the COI, Cytb and 16S sequences for each locality and region using ARLEQUIN ver. 3.5 (Excoffier and Lischer 2010) and DNASP ver. 5.10 (Librado and Rozas 2009). Additional pairwise genetic comparisons between localities for all examined loci were computed in MEGA incorporating the best-fitted substitution model suggested by the software: TrN  G for 16S, COI and S7, and Tamura-3-Parameters model for the Cytb dataset.
Hereafter, the analyses were based on the extended COI dataset alone, as summarized in Supplementary material Appendix 1 Table A4 . Allelic richness was computed after rarefaction across regions (n  5) using CONTRIB ver. 1.02 (Petit et al. 1998) . To assess the neutrality of the dataset, Tajima's D test (Tajima 1989 ) was calculated in DNASP and its significance value was estimated using coalescent simulation with 5000 replicates. Pairwise comparisons of F ST and F ST for all populations were estimated in ARLE-QUIN, incorporating Trn  G model. Population structure was additionally examined using the hierarchical analysis of molecular variance (AMOVA) with 9999 permutations in ARLEQUIN.
To view the population structure through haplotype diversities and frequencies, a graphic median-joining unrooted network was constructed for the COI dataset using NETWORK ver. 4.6.1.2 (< www.fluxus-engineering.com/ sharenet.htm >).
Finally, we used the Bayesian inference strategy, implemented in the software MIGRATE-N ver. 3.6.11 (Beerli 2009) , to assess historical gene flow rates and directionalities of the COI locus between regions. To simplify Bayesian computations and maximize the statistical power, the dataset was grouped to four wide-scale regions: the Atlantic Ocean (n  24), the Mediterranean Sea (including Angola, n  57), the western Indian Ocean (n  27) and the West Pacific Ocean (n  36). MIGRATE estimates from F ST values the mutation rate per generation and the effective number of migrating individuals among the sampled regions. The transition to transversion ratio was calculated in MEGA under TrN  G model and was implemented in the analysis (R  20.35). A uniform prior migration rate was set with a minimum 0 and a maximum of 10 000. Analysis involved one long MCMC chain with 10 concurrent replicates that recorded 10 000 000 steps and a burnin of 500 000. In addition, a static heating scheme was used and consisted of eight chains with default temperatures to ensure that efficient mixing occurred. To confirm convergence of estimates, five analyses with varying starting seeds were conducted. For all other settings, default values were implemented.
Results
Morphology and geometric morphometric
Morphological examinations were based on total of 125 specimens, sampled from each of the geographical divisions of the five putative species. Morphological variabilities among the five putative species of the subgenus Sardinella have confirmed the two inimitable morphospecies, based on non-overlapping head-length proportions and the number of the accommodated gill rakers. SHM comprised specimens of the putative S. aurita, S. brasiliensis and S. lemuru, and possessed head-length proportions of 22-27.6% of its SL and 103-174 gill rakers at the lower first gill arch. LHM comprised specimens of the putative S. longiceps and S. neglecta, and possessed head-length proportions 28.2-33.1% of its SL and 195-270 gill rakers (Table 1) . Geometric morphometric examinations further support morphospecies differentiation with significant values in discriminant function analysis (DFA, average Mahalanobis distance  11.6857, p  0.0001). According to the first canonical variate axis (CV1), which accounted for 69.3% of the variation in body shapes, the contributing landmarks (LMK) for the overall morphospecies differences were the posterior point at the sub-operculum (LMK 10) and the locations of the pectoral, dorsal and pelvic fins (LMK 9, 2, 3 and 8, respectively; Fig. 1c ). In addition, during the examination of vouchered material we discovered two specimens of LHM from West Papua at the Indonesian archipelago, constituting the first record of this variant from the West Pacific region (MAGNT vouchers ASM-134-1 and 134-2). This finding provides an important evidence of sympatry for the two morphotypes, disregarding the known Malay Peninsula biogeographical barrier (Briggs 1974) .
Phylogenetic analyses
ML and BI phylogenetic reconstructions for the mitochondrial loci have portrayed a well-supported monophyletic clustering of subgenus Sardinella, with spatial separations between the Mediterranean, the West Atlantic, the West Pacific and the Indian Ocean regions (Fig. 2) . Nevertheless, two exceptions within the geographic clustering were present in the mitochondrial tree: 1) an exceptional occurrence of two Mediterranean samples of SHM, collected from Israel and Greece, outside their Mediterranean clade, and 2) low-support in ML analysis to separate the West Pacific clade. The S7 gene tree has displayed similar clustering, though without geographical clustering (Supplementary material Appendix 1 Fig. A1 ). In addition, both phylogenetic reconstructions have failed to significantly group the specimens based on their morphospecies attribution ( Fig. 2 ; Supplementary material Appendix 1 Fig. A1 ).
Species-delimitation analyses bPTP model
Analyses of bPTP model have been employed independently on two datasets, with and without outgroup representatives.
Using the whole dataset, the model has identified eight putative species, merging all samples of the subgenus Sardinella putative species to a single lineage, with a significant support value of 0.99 (Fig. 2) . Using the dataset without outgroup representatives, the model has over estimated 86 putative species, most of them with significantly low support values below 0.7 (data not presented).
ABGD model
Results from the ABGD model were consistent regardless the examined relative gap widths (X  1.5, 1.0, 0.5) or the addition of con-familiar outgroup species. The main partition given by the model has delimited the dataset to three groups, equivalent to putative species (p  0.0016). The first and biggest group constituted individuals from both morphospecies, sampled from the western Indian Ocean, the West Pacific, the SE Atlantic and two individuals from the Mediterranean; the second group clustered all the remaining Mediterranean individuals and the third group contained two exceptional haplotypes from the West Pacific (Fig. 2) .
Morphospecies barcoding gap
Genetic pairwise comparisons of the COI dataset between specimens from the different morphospecies showed projecting overlapping divergence without delimiting gap (Fig. 3) . The average genetic divergences within species from SHM and LHM were 1.08 and 0.3%, with maximum differences of 2.68 and 0.8%, respectively. The range of genetic divergence between morphospecies was 0.60-2.68%, with an average of 1.72%.
Population structure
Pairwise comparisons
The four investigated gene partitions amplified in this study displayed shallow genealogy trends between localities and morphospecies, with average maximum distances between localities of 0.6% in 16S, 1.83% in COI, 1.28% in Cytb and 2.18% in S7 (Supplementary material Appendix 1 Table A5 ). For comparative perspective, previously published S7 sequences by Thomas et al. (2014) of congeneric Sardinella gibbosa showed an average of 24.9-27.1% nucleotide differences from our samples (unpubl.).
Population structure
The aligned dataset of 644 bp COI sequences used for the remaining population structure analyses comprised of 144 sequences from seven worldwide distributed regions that contained 66 haplotypes across 65 polymorphic sites ( significant regional genetic structure with 78% of the variation being observed among sampled regions (p  0.0001). Last, COI haplotype networking illustration depicted the above geographical sub-divisions, albeit highlighting the low mutation rates and genetic resemblance across this global scale (Fig. 4a ).
Population connectivity
Gene flow calculations made in MIGRATE detected asymmetric directionalities along the sampled regions. The West Pacific presented the highest theta estimates (0.049) and the Mediterranean with the lowest (0.008) ( Table 4) . A general low number of migrating fish individuals per generation ( 10) were observed between the sampled localities, with two exceptions: 1) high gene flow traffic between the two morphospecies along their biogeographic contact zone with an average of 14.9 migrating fish individuals per generation from the Western Indian Ocean (LHM) to the West Pacific (SHM), and 53.3 individuals on the other way around, and 2) an average of 24.1 migrating individuals per generation from the West Pacific to West Atlantic (Fig. 4b ).
Discussion
The marine environment was once considered as an open system comprising panmictic populations, allegedly unhindered by physical boundaries for faunal distribution, particularly within those with a pelagic affinity (Bradbury et al. 2008 , Hauser and Carvalho 2008 , Nielsen et al. 2009 , Knutsen et al. 2011 . Although this notion has been repeatedly refuted by the documentations of numerous marine population subdivisions (Hauser and Carvalho 2008 , Nielsen et al. 2009 , Shen et al. 2011 , Henriques et al. 2014 ), a recent study by Gaither et al. (2015) enumerated 284 fish species with global distribution, 82% of which are pelagic and bathypelagic species. The combination of high adult vagility and the effective propagule dispersal is characteristic to these species, where crossing of ocean basins and mixing of distant populations are evident (Gaither et al. 2015) . Abbrev.: n, sample size; nH, number of haplotypes, including private alleles in parentheses; Hd  SD, haplotype diversity and standard deviation, p, nucleotide diversity; AR, allelic richness after rarefaction; Tajima's D neutrality statistics ( * p  0.01, ** p  0.001). Table 4 .
Identifying and delimiting species is considered to be a challenging task (Wiens and Penkrot 2002 , Dayrat 2005 , Knowles and Carstens 2007 , Zapata and Jimenez 2012 , Kekkonen and Hebert 2014 , Knebelsberger et al. 2014 . The continuously increasing studies that employ species delimitation cutting-edge approaches enable testable scientific hypotheses to solidify taxonomic conclusions (Flot 2015) . In practice, an ideal valid taxonomic unit should display inimitable characters from both morphological and genetic examinations (Dayrat 2005, Zapata and Jimenez 2012) . Integrating these two research methodologies often reconcile taxonomic disagreements and improve biodiversity inventories by adding rigor to species boundaries protocols (Wheeler 2004 , Dayrat 2005 , Padial et al. 2010 , SchlickSteiner et al. 2010 , Tan et al. 2010 , Gebiola et al. 2012 .
Morphological examinations
Investigating the customary morphological and meristic characters differentiating within each of the subgenus Sardinella morphospecies revealed consistent overlapping characters, emphasizing the current taxonomic perplexities.
The three putative SHM species, S. aurita, S. brasiliensis and S. lemuru were originally distinguished by gill rakers counts, with frequent overlapping counts, previously doubting taxonomic credibility (Whitehead et al. 1966 , Whitehead 1967 , 1970 , 1985 , Wongratana 1980 , Kim et al. 2001 . Our investigations of type material and type-locality specimens (Table 1) have further confirmed these overlapping measurements, failing to delimit any of the SHM species on morphological grounds, in support with the century-old resolution of Regan (1917) .
Distinguishing between the two putative LHM species, S. longiceps and S. neglecta was originally based on fewer gill rakers and shorter head-length in S. neglecta compared to S. longiceps [142-188 gillrakers vs 150-253 , and 27-29% in head length vs 29-35%; (Wongratana 1983) ]. While examining and comparing type materials and newly collected specimens we revealed consistent overlapping characters in both gill rakers counts and head-length proportions, refuting the taxonomic validity of S. neglecta (Table 1) .
Molecular examinations
Various molecular taxonomic studies have investigated species-level delimitation within clupeids, in a constant attempt to improve our understanding of their systematics, speciation and evolution (Faria et al. 2006 , Ying et al. 2011 , Boyadzhieva-Doychinova et al. 2012 , Czesny et al. 2012 , Coscia et al. 2013 , Willette and Santos 2013 , Chiesa et al. 2014 , Thomas et al. 2014 , Willette et al. 2014 ).
The present study revealed exceptional shallow genealogies among inter-oceanic populations of nominal species from the subgenus Sardinella, failing to delimit any of its formally valid species. Genetic comparisons across all sampled localities showed intraspecific-like levels of divergence, regardless sympatric, allopatric or parapatric pairwise relationships. This is supported by the previously published DNA barcoding sequences in BOLD platform that have already demonstrated the taxonomic over-splitting in the subgenus Sardinella, as is evidenced by the mixed-species BIN accession AAB7268 (of this subgenus).
This finding stands unique within all other known small pelagic species, rarely even observed in large pelagic fishes such as sharks and tunas (Viñas et al. 2004 , Bremer et al. 2005 , Castro et al. 2007 , Theisen et al. 2008 , Clarke et al. 2015 .
Hypotheses considerations
It was recently suggested that when species face minor physical barriers across the relatively homogenous open ocean, opportunities for allopatric speciation are then reduced, particularly within vagile fishes (Gaither et al. 2015) .
Two explanations for the observed shallow genetic divergence between the morphospecies are hereby discussed: 1) inter-specific hybridizations and 2) intra-specific ecophenotypic polymorphism.
Inter-specific hybridization
Altogether, biological hybridizations provide a key element in defining barriers to gene flows and evolutionary speciation mechanisms (Seehausen 2004 , Hobbs et al. 2009 ). Hybrid zones, in which interbreeding may occurs, are often made in secondary contact areas between allopatric species (Hewitt 1988) . Such contact zones, when situated at the biogeographical edges of each allopatric species, facilitate hybridization due to the decrease in abundance at the range edge (DiBattista et al. 2015) .
Following the above, the observed shallow genealogy across the subgenus Sardinella can be attributed to inter-specific hybridizations, i.e. morphospecies introgressions of mitochondrial genotypes. In contrast, we assert that the simultaneously gene flow and migration rates observed between the Sardinella morphospecies diminish the feasibility of inter-specific hybridization in favor of an intra-specific relationship. The levels of gene flow estimations shown in our study, with  10 migrants per generation, have been previously proved to signify different populations of a single species (Zhang et al. 2011 ).
Intra-specific ecophenotypic polymorphism
The intra-specific variation is widely studied considering its important role in adaptive phenotypic differentiation and ecological speciation (Post et al. 2008 ). The main discontinuous morphological variations found between the Sardinella morphospecies in this study were related to the sizes, volumes and formations of the filtering cavities of the sardines, anatomically expressed as the length of the operculum and the number of the accommodated gill rakers. Such observed phenotype polymorphism may stand as a response to local environmental conditions (Parsons and Robinson 2007, Magalhaes et al. 2015) . Different environmental conditions or food availability within the Indian Ocean may favor spatial selection for specimens with larger and denser filtering apparatus. Considering the observed genetic monophyletic lumping of the two morphospecies in a variety of speciesdelimitation approaches, we propose these morphological differences as an intra-specific polymorphism evidences, previously shown in other fish taxa (Post et al. 2008 , Magalhaes et al. 2015 .
Other relevant explanations
While comparing Atlantic populations of S. aurita, previous studies have also encountered these minimal genetic differentiations, proposing: 1) a biased reproduction success among the hatching females and 2) an occasional population crush events, such as the Pleistocene glaciation, that lead to genetic variability decrease (Kinsey et al. 1994 , Chikhi et al. 1998 .
Other relevant ichthyological studies have attributed examples of cohesive global species to large effective population sizes, high larval dispersal and migratory habits (Graves 1998 , Nesbo et al. 2000 , Roy et al. 2014 , Gaither et al. 2015 , most of which adequately suit the general biological and ecological characteristics of clupeids.
Taxonomic resolution
The inability to duly justify taxonomic designations for the investigated species of subgenus Sardinella resulted in the following 'species-lumping' proposition, in favor of the phylogenetic species concept that primarily relied on diagnosable samples and characters (Wheeler and Platnick 2000) .
Following the International Commission on Zoological Nomenclature 1999 (article 24.2.2), we propose to consider the round sardinella, Sardinella aurita, as the sole valid species for the subgenus Sardinella, and to designate subspecies status to its two parapatric morphospecies. Thus, S. aurita aurita is proposed to be referred as the short head variant, synonymizing S. brasiliensis and S. lemuru, while S. aurita longiceps may indicate the long head variant, synonymizing S. longiceps and S. neglecta.
Given our proposal, S. aurita becomes the world's most widespread small pelagic fish, distributed in all oceans, absence only from the central and east Pacific Ocean.
Population structure and geographic demography
Speciation in Sardinella
Designating a single cosmopolitan species promotes further investigation for its population structure and trajectories of connectivity, revealing consistent geographically sub-divisions. Significantly high values of pairwisecomparison estimators (F ST range, e.g. was 0.480-0.898) indicated the existence of evolutionary isolated populations, albeit unknown in their interbreeding capabilities. The concluding dilemma whether populations sufficiently interbreed to prevent evolutionary separation or represent isolated lineages that will eventually emerge into distinct species has been previously discussed (Keeney and Heist 2006, Gaither et al. 2015) . According to Keeney and Heist (2006) , significant pairwise comparisons values, as found in our study, better depict future-speciation scenario over interbreeding.
Integrating gene-flow trend found in our study with the significant pairwise statistics, portrayed isolated intra-specific populations that may be in the process of evolutionary separation, thus reinforcing the likelihood of 'speciation in process' over 'interbreeding or hybridization' scenarios.
Directionality and source of speciation
In order to assess the directionality of such speciation, gene-flow computations were performed, portrayed the West Pacific with the highest migration rate and the Mediterranean with the lowest (Table 4) . In a recent investigation of ancestral distribution among Clupeoidei, the Indo-West Pacific was designated as the region of origin for Clupeoidei species diversity during the cretaceous period (Lavoué et al. 2013) . Our findings further corroborate this conclusion, flagging the West Pacific as the probable source of speciation for the worldwide populations of S. aurita.
Another noteworthy distributional achievement for S. aurita is the overcoming of the thermal regime across southern Africa, the Benguela barrier. Considered as a strong barrier that influences speciation among tropical taxa, only few species have managed to cross it and precluded genetic isolation, presumably those with enhanced tolerance to cold water (Díaz-Jaimes et al. 2010 , Gaither et al. 2015 . We suggest that the existence of S. aurita in the temperate waters of the extremities of the West Atlantic coastlines confirms such cold water biological tolerance and in turn enables the crossing of the above thermal barrier.
Implications for fisheries managements
Estimating biological stocks and population structure are considered fundamental in addressing fisheries management and conservation issues (Reiss et al. 2009 ). Based on the results of this study, fisheries management strategy should therefore carefully consider the optimal exploitation approach for the cosmopolitan S. aurita. Since the sustainability of spawning stock and conservation of genetic diversity are strongly linked with evolutionary criteria of population (Reiss et al. 2009 ), we propose to retain the current approach in which the demographically independent populations of S. aurita are managed separately.
Moreover, the former taxonomic designation of five nominal species for subgenus Sardinella has resulted in a complete absence of inter-oceanic comparative studies, i.e. trophic preferences or reproduction characteristics between distant populations. We therefore firmly encourage to explore and compare such biological and ecological parameters in the future, in order to duly understand the nature of the connectedness within this globally distributed taxon. Advance species delimitation and species tree inference analyses that will evaluate speciation history by merging phylogenetic and population genetic approaches, are further recommended in order to test the feasibility of the taxonomic theory raised throughout this study.
